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mation. In rats, the inflammation triggered by LPS and the subsequent activation of Toll-like receptor 4 (TLR4) has a determinant role in the development of the obese phenotype in response to high-fat/high-calorie food intake (14) . Interestingly, exogenous long-term LPS infusion (300 g·kg Ϫ1 ·day
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for 4 wk) in normal-diet-fed mice caused a metabolic response that was somewhat similar to the response to high-fat feeding (9) . These data suggest that LPS is an important factor linking inflammation to diet-induced obesity.
The proinflammatory adipokine leptin is also an important player connecting altered energy homeostasis and inflammation. In the arcuate (ARC) nucleus of the hypothalamus, the binding of leptin to the LepRb receptor activates the Janus kinase (JAK)-2/signal transducer and activator of transcription (STAT)3 pathway, stimulating the transcription of genes for proopiomelanocortin (POMC) and the suppressor of cytokine signaling (SOCS)3 (17, 32) . In addition, the binding of leptin to LepRb recruits Src homology 2 domain-containing tyrosine phosphatase-2 (SHP-2), the major activator of extracellular signal-regulated kinase (ERK) (27, 32) .
It is well established that the JAK-2/STAT3 pathway is required for the leptin regulation of appetite and energy expenditure. We previously demonstrated that the hypophagia and body weight reduction under acute inflammation, such as those observed after a single LPS administration, are also associated with the activation of STAT3 signaling in the ARC and paraventricular (PVN) nuclei, and this signaling does not increase further after leptin stimulation (6) . In contrast to single LPS responses, repeated low-dose LPS exposure (100 g·kg Ϫ1 ·day Ϫ1 for 6 days) induced a desensitization of the hypophagia and body weight loss. Noticeably, the repeated LPS treatment failed to change the hypothalamic pSTAT3 and SOCS3 expression induced by exogenous leptin, suggesting that the reduced capability to respond to leptin contributes to the preserved food intake and body weight gain in the endotoxin-tolerant animals (6) . It has been known that SOCS3 expression inhibits the tyrosine phosphorylation of the LepRb, thus providing an important feedback mechanism for leptin signaling (17, 38) . However, because we observed that SOCS3 undergoes no alteration in response to repeated LPS treatment (6) , the precise mechanisms underlying the leptin resistance during endotoxin tolerance must be addressed.
Leptin signaling pathways are largely regulated by protein tyrosine phosphatases (PTP) via dephosphorylation of the phosphotyrosine residues on LepRb or other downstream signaling molecules (46) . Tyrosine phosphatase-1B (PTP1B) binds to and dephosphorylates JAK-2 (25, 33, 52) . Several reports demonstrated a crucial role of this protein in the development of leptin resistance (11, 47, 52) . PTP1B-deficient mice show increased leptin sensitivity, reduced weight and adiposity, and increased activity and energy expenditure (1, 2, 11) . Another important PTP is SHP-2, which also participates in the development of leptin resistance (16, 55) . SHP-2 activates the downstream mitogen-activated protein kinase (MAPK) pathway, leading to ERK stimulation (4, 55) . However, in vitro evidence demonstrates that SHP-2 can inhibit JAK-2 activation, consequently downregulating the STAT3-mediated gene transcription (10, 27) . Additionally, elevated hypothalamic T cell protein tyrosine phosphatase (TCPTP) also participates in the leptin resistance in obesity (28) .
Our previous observations suggest that leptin resistance in LPS-tolerant rats is not associated with increased SOCS3 expression; furthermore, the above-mentioned data show the role of the PTPs in the regulation of leptin signaling. Therefore, in this work, we assessed the expression of PTP1B and SHP-2 in rats treated with single or repeated LPS doses and evaluated the participation of these factors in the leptin resistance induced by low-grade inflammation.
MATERIALS AND METHODS

Animals.
Male Wistar rats (200 -250 g, Central Animal Facility of the University of São Paulo-Campus Ribeirão Preto) were individually housed in a light-(lights on: 06:00 AM-06:00 PM) and temperature-(23 Ϯ 1°C) controlled room with food and water available ad libitum, unless otherwise stated. The rats were adapted to the laboratory environment for at least 3 days prior to the experimental procedures. During this period, the rats were handled daily. All experimental protocols were approved by the Ethics Committee for Animal Use of the School of Medicine of Ribeirão Preto.
To investigate whether LepRb-expressing cells in the hypothalamus express PTP1B in response to the endotoxin, we performed an experiment using adult (8-wk-old) male LepRb-reporter mice. Mice expressing Cre under the control of the endogenous Lepr promoter (LepRb-IRES-Cre mice: B6.129-Lepr tm2(cre)Rck /J, Jackson Laboratories) were bred with Cre-inducible tdTomato-reporter mice (B6;129S6 Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J, Jackson Laboratories), which were previously described and validated (12, 43, 50) . In this mouse model, the gene reporter tdTomato is expressed selectively in the LepRb cells, and it can be visualized through its endogenous red fluorescence. Mice were housed in the Unit of Laboratory Animal Medicine (ULAM), in a light-(12 h on, 12 h off) and temperature-(21-23°C) controlled environment. They were fed a standard chow diet (Harlan Teklad Global Diet) and had ad libitum access to water. This experiment was performed in collaboration with Dr. Carol F. Elias (Department of Molecular and Integrative Physiology, University of Michigan) in accordance with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals as well as with those established by the University of Michigan Animal Care and Use Committee.
Animal treatment protocol. Animals were subjected to intraperitoneal (ip) injection of sterile saline (0.15 M NaCl, 1 ml/kg) or LPS from Escherichia coli (100 g/kg in 1 ml/kg, Serotype 026:B6, Sigma) between 04:00 PM and 04:30 PM, 2 h before lights off. The PTP1B inhibitor diluted in 1% DMSO ϩ saline (3 nmol/rat/5 l, Calbiochem) or vehicle (1% DMSO ϩ saline/rat/5 l) was intracerebroventricularly (icv) injected 90 min after the LPS or saline injection. To evaluate the sensitivity to leptin in the presence of the PTP1B inhibitor, leptin (10 g/rat/5 l, Calbiochem) or saline (5 l/rat) was icv injected 2 h after the LPS or saline injections and 30 min after the icv injection of the PTP1B inhibitor or vehicle.
Measurement of PTP1B, SHP-2, and phospho-(p-)ERK1/2 expression after single or repeated LPS injections. Rats were assigned to three different treatment groups (n ϭ 7/group): 1) saline once daily for 6 days (6-Saline), 2) saline once daily for 5 days and an injection of LPS on the 6th day (5-Saline ϩ 1-LPS), and 3) LPS once daily for 6 days (6-LPS). On the 6th day, 2 h after the LPS or saline injection, the animals were euthanized by decapitation, and the brains were collected and immediately stored at Ϫ80°C for later Western blotting analyses. Hypothalamic fragments were dissected out (thickness 2.7 mm) from an area 1.0 mm lateral to the midline at the anterior border of the optic chiasm and the anterior border of the mammillary bodies.
PTP1B immunostaining in LepRb reporter mice under single or repeated LPS stimulation. To qualitatively evaluate the coexpression of the leptin receptor with PTP1B in response to endotoxin, leptin receptor Cre-tdTomato mice were assigned to three groups as described above (n ϭ 2/group). Two hours after the last injection, the mice were anesthetized using isoflurane and transcardially perfused with saline, followed by 4% formaldehyde in 0.1 M phosphate buffer. The brain was collected, postfixed in the same fixative for 1 h, placed in PBS containing 20% sucrose, and stored at 4°C for later PTP1B immunostaining. The tdTomato red fluorescent protein is expressed only in LepRb-expressing cells, and its visualization does not require any additional staining.
Food intake and body weight measurements after single or repeated LPS injections in animals treated with the PTP1B inhibitor. Eight days before the experiment, anesthetized rats (3:2 mixture of ketamine and xylazine in a dose of 60 mg/kg ketamine and 7.5 mg/kg xylazine at a volume of 0.1 ml/100 g) were implanted with a cannula in the lateral ventricle and divided into the three above-mentioned groups. On the 6th day, they were subdivided into six different groups (n ϭ 10 -11/group) according to the central injection of vehicle or PTP1B inhibitor: 1) 6-Saline ϩ Vehicle, 2) 6-Saline ϩ PTP1B inhibitor, 3) 5-Saline ϩ 1-LPS ϩ Vehicle, 4) 5-Saline ϩ 1-LPS ϩ PTP1B inhibitor, 5) 6-LPS ϩ Vehicle, and 6) 6-LPS ϩ PTP1B inhibitor. On the 6th day, food was withdrawn at 04:00 PM, when the rats received the last ip injection of saline or LPS, and 90 min later they received an icv injection of vehicle or PTP1B inhibitor. At 06:00 PM (lights off), the animals were refed, and food consumption was measured 2 and 14 h afterward. Body weight was determined immediately before the ip injections for all experimental periods (6 days) and 14 h after the leptin or saline injection.
Food intake and body weight measurements after leptin treatment in animals treated with repeated LPS injections and pretreated with the PTP1B inhibitor. Rats were implanted with a cannula in the lateral ventricle 8 days before the experiment and were assigned to four groups (n ϭ 7-8/group) as follows: 1) 6-LPS ϩ Vehicle ϩ Vehicle, 2) 6-LPS ϩ Vehicle ϩ Leptin, 3) 6-LPS ϩ PTP1B inhibitor ϩ Vehicle, and 4) 6-LPS ϩ PTP1B inhibitor ϩ Leptin. On the 6th day, food was withdrawn at 04:00 PM, when the rats received the last ip injection of LPS, and 90 min afterward they received an icv injection of vehicle or PTP1B inhibitor. Thirty minutes afterward, at 6:00 PM (lights off), the rats received an icv injection of vehicle or leptin. The rats were refed, and the food consumption was measured 2 and 14 h afterward. The body weight was determined immediately before the ip injections during all experimental periods and 14 h after the last injection.
p-STAT3 and p-ERK immunostaining after leptin administration in animals stimulated with single or repeated LPS doses and pretreated with the PTP1B inhibitor. Rats were assigned to 12 groups (n ϭ 6/group) as follows: 1) 6-Saline ϩ Vehicle ϩ Vehicle, 2) 6-Saline ϩ Vehicle ϩ Leptin, 3) 6-Saline ϩ PTP1B inhibitor ϩ Vehicle, 4)
Vehicle, and 12) 6-LPS ϩ PTP1B inhibitor ϩ Leptin. On the 6th day, at 4:00 PM, the rats received the last ip injection of saline or LPS, and 90 min afterward they received an icv injection of vehicle or PTP1B inhibitor. Thirty minutes afterward, at 6:00 PM (lights off), the rats received an icv injection of vehicle or leptin. Twenty minutes later, the animals were anesthetized using an overdose of 2,2,2-tribromoethanol (TBE, 25 mg/100 g ip; Aldrich, Milwaukee, WI); the animals were then transcardially perfused with 200 ml of saline followed by 300 ml of 4% formaldehyde in 0.1 M phosphate buffer. The brain was collected, postfixed in the same fixative for 1 h, placed in PBS containing 30% sucrose, and stored at 4°C for later immunofluorescence or immunohistochemistry procedures.
Implantation of the cannula into the lateral ventricle. Rats were anesthetized with a mixture of ketamine (60 mg/kg) and xylazine (7.5 mg/kg) at a volume of 0.1 ml/100 g and placed in a stereotaxic instrument (Kopf, model 900). A stainless steel guide cannula (10 mm) was implanted into the right lateral ventricle of the brain. We used the following stereotaxic coordinates: AP ϭ Ϫ0.6 mm, LL ϭ Ϫ1.5 mm and depth ϭ Ϫ3.6 mm from the bregma. The cannula was held in place using two stainless steel screws and dental acrylic resin in the skull. To prevent occlusion of the guide cannula, a 30-gauge metal wire filled the cannula. After surgery, the rats received a prophylactic injection of penicillin (50,000 U im). The placement of the cannula was confirmed at the end of the experiment by histological analysis.
Immunohistochemistry. Brain coronal sections were cut at 30 m thickness and preserved in cryoprotectant solution (ethylene glycol and glycerol) at Ϫ20°C. One of every four sections was used for pSTAT3 Tyr 705 immunostaining. Briefly, the sections were rinsed with Tris, followed by 10% H2O2 in methanol for 10 min. After rinsing, nonspecific binding was prevented by immersing the sections in blocking buffer (Tris, normal goat serum, and Triton X-100) for 1 h at room temperature. The sections were incubated for 48 h at 4°C with primary antibody: rabbit anti-pSTAT Tyr 705 (1:1,000, Cell Signaling no. 9145). After being rinsed, the sections were incubated for 1 h with biotinylated goat anti-rabbit secondary antibody (1:1,000, Vector, BA1000) and then processed using the Vectastain Elite avidin-biotin immunoperoxidase method (Vector Laboratories). Solutions of diaminobenzidine, nickel sulfate, and H 2O2 were used to generate blue-black immunolabeling. Finally, the sections were mounted on gelatinized slides, air-dried overnight, dehydrated, cleared in xylene, and coverslipped with Ethelan. Immunopositive cells were identified in hypothalamic regions according to the coordinates from the rat brain atlas of Paxinos and Watson (35) : the PVN was Ϫ0.92 mm to Ϫ2.12 mm from the bregma, and the ARC and ventromedial hypothalamic nucleus (VMH) was Ϫ2.3 mm to Ϫ3.5 mm from the bregma. Photomicrographs were captured using a Leica microscope equipped with a DC 200 digital camera attached to a contrast enhancement device. The number of immunoreactive-positive cells of all the sections in the series (8 -16 sections) per rat was obtained by counting the black (nuclear) staining from a constant area of the PVN, ARC, and VMH using ImageJ software (v. 1.38, NIH).
Immunofluorescence. To evaluate the pERK immunostaining, sections were rinsed with Tris, and nonspecific binding was prevented by immersing the sections in blocking buffer (Tris, normal donkey serum, and Triton X-100) for 1 h at room temperature. After blocking, the sections were incubated for 48 h at 4°C with rabbit anti-p-p44/42 MAPK (ERK1/2; Thr 202 /Tyr 204 ) primary antibody (1:500, Cell signaling, no. 4370). After rinsing, the sections were incubated with donkey anti-rabbit conjugated with FITC secondary antibody (1:250, Jackson ImmunoResearch).
PTP1B immunolabeling was performed in sections from the leptin receptor Cre-tdTomato mice that were rinsed with 0.1 M PBS. , phospoho-extracellular signal-regulated kinase-1 (p-ERK1), p-ERK2, and protein tyrosine phosphatase-1B (PTP1B) expression in the mediobasal hypothalamus 2 h after the last injection in animals injected once a day with 6 doses of saline (6 Saline), single dose of LPS (100 g/kg ip; 5-Saline ϩ 1 LPS), or repeated doses of LPS (6 LPS). One-way ANOVA followed by Newman Keuls post hoc test was performed. Data are expressed as means Ϯ SE (n ϭ 6 -7). *P Ͻ 0.05. blocking buffer (PBS, normal donkey serum, and Triton X-100) for 1 h at room temperature. After blocking, the sections were incubated for 24 h at 4°C with rabbit anti-PTP1B primary antibody (1:1,000, Abcam, ab189179). After rinsing, the sections were incubated for 2 h with donkey anti-rabbit conjugated with Alexa fluor 488 secondary antibody (1:400, Jackson ImmunoResearch).
Finally, sections were coverslipped with Fluoromont-G mounting medium (Southern Biotechnology Associates) and analyzed using a Leica confocal laser scanning microscope. The immunoreactive structures were excited using argon or helium-neon green lasers with the excitation and barrier filters set for the fluorochrome used (green), and epifluorescence was collected using a DS red filter to visualize the tdTomato protein (red). Images showing the fluorescence were obtained from sequentially acquired images of slices excited by the laser. Fluorescence images of PTP1B and LepRb were superposed to identify the presence of dual-labeled neurons.
Immunoblot analysis. Total mediobasal hypothalamic protein was extracted using 1% Triton-X 100, 100 mM Tris·HCl (pH 7.4), 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium orthovanadate, 2 mM PMSF, 0.2 mg/ml aprotinin, and 0.2 mg/ml leupeptin at 4°C and 15,000 g for 40 min. Aliquots of the lysates containing 50 mg of protein were denatured in Laemmli buffer Food intake -14 hours (g) * * Fig. 3 . Cumulative food intake 2 h (A) and 14 h (B) after the last injection and body weight gain 14 h after the last injection (C) in animals injected once a day with 6 doses of saline (6 Saline), single dose of LPS (100 g/kg ip; 5 Saline ϩ 1 LPS), or repeated doses of LPS (6 LPS), followed by icv injection of vehicle or PTP1B inhibitor (3 nmol/rat, 5 l). Twoway ANOVA followed by Newman-Keuls post hoc test was performed. Data are expressed as means Ϯ SE (n ϭ 10 -11 the experiments of food intake and body weight gain with the single or repeated LPS treatment followed by PTP1B inhibitor and leptin treatment. We used three-way ANOVA, followed by the Newman-Keuls post hoc test, to analyze the pSTAT3 and pERK expression in the animals treated with single or repeated LPS doses, PTP1B inhibitor, and leptin injection. Differences were accepted as significant at P Ͻ 0.05. Figure 1 shows the relative expression (% control) of SHP-2/ ␤-actin, p-ERK1/ERK1, p-ERK2/ERK2, p-ERK1/2/␤-actin, and PTP1B/GAPDH in the mediobasal hypothalamus. SHP-2 expression decreased (P Ͻ 0.05) in the 6-LPS rats compared with the rats treated with a single dose of LPS. We did not observe changes in p-ERK1/2 expression among the groups. PTP1B expression increased (P Ͻ 0.05) in the 1-LPS-and 6-LPS-treated rats compared with the Saline group. Fig. 2 show the increased PTP1B immunostaining in the ARC of leptin receptor Cre-tdTomato mice under single and repeated LPS stimulation compared with the control group. PTP1B expression highly colocalized with LepRb cells in this nucleus in mice treated with single or repeated LPS injections, demonstrating the upregulation of PTP1B protein in the leptin-responsive hypothalamic neurons during low-grade inflammation.
RESULTS
LPS injection increased PTP1B, reduced SHP-2, and did not change p-ERK1/2 expression in the mediobasal hypothalamus.
PTP1B expression in the ARC in response to single or repeated LPS injections colocalizes with LepRb-expressing cells. The representative photomicrographs in
PTP1B inhibitor restored the ability of LPS to reduce food intake and body weight in 6-LPS-tolerant rats.
In the vehicletreated group, a single LPS dose reduced (P Ͻ 0.05) the food intake 2 h (Fig. 3A ) and 14 h (Fig. 3B) after the injection and decreased (P Ͻ 0.05) the body weight gain (Fig. 3C) . Repeated LPS treatment did not change these responses compared with controls, demonstrating tolerance to LPS. Central injection of 3 nmol of the PTP1B inhibitor had no effect on the saline and 1-LPS groups. Interestingly, the 6-LPS rats showed LPSinduced hypophagia in the presence of the PTP1B inhibitor 2 h after injection but not 14 h after; these rats also showed a reduced body weight gain 14 h after injection compared with that in the rats treated with vehicle. Figure 4 shows that leptin failed to reduce food intake at 2 h (4A) and . Cumulative food intake 2 h (A) and 14 h (B) after the last injection and body weight gain 14 h after the last injection (C) in animals injected once a day with 6 doses of LPS (100 g/kg ip), followed by icv injections of vehicle or PTP1B inhibitor (3 nmol/rat, 5 l) 90 min after LPS injections, and a subsequent icv injection of vehicle or leptin (10 g/rat) 30 min after. Two-way ANOVA followed by Newman-Keuls post hoc test was performed. Data are expressed as means Ϯ SE (n ϭ 7-8). *P Ͻ 0.05. 14 h (4B) and had no effect on body weight gain 14 h (4C) after treatment in the 6-LPS rats. LPS stimulation induced hypophagia and a reduction in body weight gain in the presence of the PTP1B inhibitor 2 h after injection (P Ͻ 0.05) but not after 14 h, demonstrating the acute effect of the inhibitor. Notably, in the presence of the PTP1B inhibitor, leptin had no additional effect on the food intake reduction induced by LPS 2 or 14 h after, but did have a potentiating effect on body weight loss (P Ͻ 0.05) (Fig. 4C) .
Leptin had no additional effect on food intake reduction but potentiated the body weight loss induced by LPS in 6-LPStolerant rats pretreated with the PTP1B inhibitor.
PTP1B inhibition restored the ability of leptin to phosphorylate STAT3 in the hypothalamus of 6-LPS-tolerant rats. The single LPS stimulation increased (P Ͻ 0.05) the number of pSTAT3-positive cells in the ARC (Figs. 5 and 6 ), PVN (Figs. 5 and 7), and VMH (Figs. 5 and 8) compared with that in the controls. Repeated LPS stimulation did not change the STAT3 phosphorylation in these hypothalamic regions compared with that for the saline injection. Leptin increased (P Ͻ 0.05) the number of p-STAT3-positive cells in the ARC, PVN, and VMH in the animals treated with saline. In the 1-LPS-treated group, leptin had no additional effect on p-STAT3 in these regions. Noticeably, the 6-LPS rats showed no change in p-STAT3 after leptin injection compared with that for the vehicle treatment, evidencing leptin unresponsiveness. Central pretreatment with 3 nmol of the PTP1B inhibitor had no effect on p-STAT3 expression in the evaluated hypothalamic regions in any experimental group treated with vehicle. Of note, the leptin treatment in the rats pretreated with the PTP1B inhibitor increased (P Ͻ 0.05) the STAT3 phosphorylation in the ARC, PVN, and VMH of the 6-LPS rats. No additional effects of leptin on the STAT3 phosphorylation in the ARC and PVN nuclei in the saline or 1-LPS groups were observed, likely due to a ceiling effect whereby the maximal p-STAT3 expression resulted from the leptin stimulation per se in these groups. Interestingly, PTP1B inhibition potentiated the p-STAT3 expression induced by leptin in the VMH of both the saline and 1-LPS groups, similar to the result in the 6-LPS group, suggesting a different regulation of the VMH in the leptin resistance during low-grade inflammation.
PTP1B inhibitor had no effect on ERK phosphorylation induced by leptin in animals treated with single or repeated LPS injections. Figure 9 shows that the number of p-ERKexpressing neurons in the PVN was not altered in any experimental group. In Fig. 10 , we show representative photomicrographs of p-ERK immunolabeling in the parvocellular portion of the PVN.
DISCUSSION
To investigate the mechanisms underlying the inability of leptin to reduce food intake and body weight as well as the inability to phosphorylate hypothalamic STAT3 protein during the development of endotoxin tolerance, we assessed the expression of the feedback inhibitor of leptin signaling PTP1B and the expression of the protein SHP-2 in the hypothalamus, which oversees the control of metabolism and energy balance. Our data reveal the essential role of PTP1B counterregulatory action in leptin resistance after repeated exposure to LPS. Additionally, we found a reduction in SHP-2 expression in the hypothalamus of rats under low-grade inflammation, indicating a likely role of this downregulation as an adjuvant in the leptin resistance in our experimental model. Nevertheless, the participation of SHP-2 in leptin resistance after endotoxemia requires further investigation.
SHP-2 is implicated in the signal transduction of a variety of cytokines, growth factors, insulin, and leptin, dephosphorylating its associated signaling molecules, thus diminishing the local signaling flow (1, 19, 39, 40) . Reports have demonstrated that mice with neuronal disruption of SHP-2 are obese and resistant to leptin and insulin (26, 55) . Banno et al. (1) found that POMC-Shp2 Ϫ/Ϫ mice showed increased body weight after HFD or normal chow, blunted leptin response, and reduced energy expenditure compared with their littermate controls, suggesting that impairment in leptin signaling mediated by SHP-2 in POMC-Shp2 Ϫ/Ϫ mice triggers an obese phenotype. Given that repeated LPS exposure leads to leptin unresponsiveness in our study, it would be interesting to evaluate , and ventromedial (VMH) nucleus of the hypothalamus of animals injected once a day with 6 doses of saline (6 Saline), single dose of LPS (100 g/kg ip; 5 Saline ϩ 1 LPS), or repeated doses of LPS (6 LPS), followed by icv injections of vehicle or PTP1B inhibitor (3 nmol/rat, 5 l) 90 min after LPS injections, and a subsequent icv injection of vehicle or leptin (10 g/rat) 30 min after. Three-way ANOVA followed by Newman Keuls post hoc test was performed. Data are expressed as means Ϯ SE (n ϭ 6). *P Ͻ 0.05.
whether the reduced SHP-2 expression after prolonged LPS exposure contributes to this process. Björbaek et al. (4) observed a blockade of leptin-stimulated ERK phosphorylation by LepRb in transfected cells with an inactive mutant of SHP-2. In our study, single or repeated LPS induced no changes in p-ERK expression in either the mediobasal hypothalamus extracts or in the parvocellular portion of the PVN. p-ERK can be induced in the parvocellular corticotropinreleasing factor (CRF)-expressing neurons in the PVN in response to insulin (22) , whose levels may increase after infectious stimuli such as LPS (24, 42, 54) . We have previously reported that a single LPS injection increased CRF mRNA and Fos-CRF expression in the parvocellular PVN (5, 41) . In the present study, the LPS-induced p-ERK colocalized with CRF neurons (data not shown); however, because p-ERK expression is highly variable in the brain under several stimuli and even in basal conditions, we could not observe any significant change in p-ERK expression. We observed that single or repeated LPS treatment increased the PTP1B expression with a high colocalization with LepRbexpressing neurons in the hypothalamus. Changes in PTP1B expression have been shown to be induced by molecules such as tumor necrosis factor (TNF)␣ and nuclear factor-B (NF-B) (20, 29, 34, 36, 53) , and LPS is known to induce the production of these molecules. Picardi et al. (36) have demonstrated that central infusion of TNF␣ increased PTP1B protein expression and attenuated leptin sensitivity in the hypothalamus. These data support our findings suggesting that the endotoxin-induced PTP1B plays a role in leptin unresponsiveness during sustained low-grade inflammation. Overexpression of PTP1B has been reported in adipose tissue, skeletal muscle, liver, and ARC of high-fat-fed mice; this finding is coincident with increased TNF␣ expression (53) . A high-fat diet is known to increase the circulating levels of LPS (9), whose activity is likely to account, at least partially, for the PTP1B upregulation during obesity. The low dose of LPS used in the present study is able to trigger hypothalamic inflammation without causing endotoxemic shock (5, 6, 7), thus mimicking the inflammatory environment observed in obese subjects and providing an interesting tool to investigate the low-grade inflammation and consequent leptin and insulin resistance observed during obesity. PTP1B is known to inhibit leptin signaling by dephosphorylation of JAK-2 (25, 47) . Overexpression of PTP1B in mouse hypothalamic cell lines reduced the JAK-2/STAT3 phosphorylation induced by leptin (21) . PTP1B Ϫ / Ϫ mice are lean, sensitive to leptin and insulin, and resistant to the obesity induced by a fat-enriched diet (11) . Considering the increased PTP1B expression in the hypothalamus of rats treated with acute or prolonged LPS, in addition to the impaired ability of leptin to reduce food intake and body weight, as well as its inability to induce p-STAT3 in 6-LPS rats, we postulated that PTP1B plays a role in leptin resistance during long-term exposure to endotoxin.
To test this hypothesis, we treated rats with the PTP1B inhibitor. As described earlier, 1-LPS rats showed hypophagia and reduced body weight gain, whereas none of these responses were observed in 6-LPS rats compared with the controls. In a previous report by our group, rats treated with the same low LPS dose exhibited increased core body temperature and oxygen consumption, contributing to body weight loss (8) . Soszynski et al. in a recent report (45) demonstrated that rats treated with repeated LPS injections showed fever response after the first injection, with a complete suppression of fever after subsequent LPS injections from the second injection on. We found that the PTP1B inhibitor had no effect on food intake and body weight in Saline or 1-LPS rats, but the PTP1B inhibition acutely restored the LPS-induced hypophagia and body weight loss in 6-LPS animals. These data suggest that PTP1B lessens LPS hypophagic responses, preventing excessive anorexia and weight loss during a prolonged inflammatory challenge. PTP1B-deficient mice show increased energy expenditure due to increased leptin sensitivity (1, 2, 11) . We believe that the body weight reduction in the 6-LPS rats could be due to an immediate feeding reduction in the first 2 h after PTP1B inhibition in parallel to increased leptin sensitivity to the endogenous leptin. We cannot preclude that PTP1B inhibition could restore the ability of the endotoxin to induce fever in 6-LPS-tolerant rats, contributing to the reduction of body weight gain. The role of PTP1B in LPS-induced fever is an interesting point that should be investigated in future studies. Morrison et al. (31) demonstrated that PTP1B inhibition in aging-induced leptin-resistant rats (20 wk) promotes a reduction in food intake and increased leptin sensitivity. As previously demonstrated by our group (6), leptin had no effect on food intake and body weight in 6-LPS rats. Herein, in the presence of the PTP1B inhibitor, LPS reduced food intake and body weight gain in 6-LPS rats, but leptin had no additional effect on feeding responses. Particularly, after PTP1B inhibition leptin potentiated the body weight loss in response to LPS in the tolerant rats. This finding suggests that PTP1B may affect the leptin action on body weight irrespective of its effects on food intake. Future studies are crucial to clarify the mechanisms involved in this process.
As expected, we found that a single LPS treatment increased the number of p-STAT3-expressing neurons in the ARC, PVN, and VMH nuclei of the hypothalamus in contrast to the repeated LPS administration, which did not induce the p-STAT3 expression in these regions. Central leptin injection increased the p-STAT3 expression in the ARC, PVN, and VMH of control rats with no additional effect on p-STAT3 expression in the 1-LPS group, likely due to a ceiling effect of the acute LPS. As previously shown, the central leptin injection Fig. 9 . Graphs showing the number of p-ERK-positive cells in the parvocellular portion of the PVN of animals injected once a day with 6 doses of saline (6 Saline), single dose of LPS (100 g/kg ip; 5 Saline ϩ 1 LPS), or repeated doses of LPS (6 LPS), followed by icv injections of vehicle or PTP1B inhibitor (3 nmol/rat, 5 l) 90 min after LPS injections, and a subsequent icv injection of vehicle or leptin (10 g/rat) 30 min after. Three-way ANOVA followed by Newman Keuls post hoc test was performed. Data are expressed as means Ϯ SE (n ϭ 6). *P Ͻ 0.05.
did not increase STAT3 phosphorylation in these hypothalamic sites in the 6-LPS rats, demonstrating the leptin resistance. Leptin resistance in the brain is known to be site specific, and the raphe pallidus and NTS in the brainstem seem to have maintained leptin signaling during diet-induced obesity (8) . Therefore, the responsiveness to leptin in other brain areas after prolonged LPS exposure needs to be further studied. We observed for the first time that pretreatment with a central PTP1B inhibitor allowed leptin to phosphorylate STAT3 in the ARC, PVN, and VMH of the 6-LPS rats, restoring leptin sensitivity in these animals. In addition, pretreatment with the PTP1B inhibitor potentiated the STAT3 phosphorylation induced by leptin, particularly in the VMH, in all experimental groups. Considering the neurochemical identity of the p-STAT3-expressing neurons in the VMH, many studies have shown that the nuclear receptor steroidogenic factor 1 (SF-1), whose expression is specific in the VMH, is essential for the VMH actions on energy homeostasis (23) . The role of leptin in SF-1 neurons was addressed by Dhillon et al. (15) and Bingham et al. (3) using different SF-1 Cre lines. Both groups generated mice lacking LepR in SF-1 neurons and observed that the mice were obese, indicating that LepR is required in SF-1 neurons for normal body weight homeostasis and that the SF-1 neurons in the VMH are direct targets of leptin in the control of energy balance. In view of these findings, we suggest that the p-STAT3-expressing cells in the VMH could be, at least in part, SF-1-expressing neurons.
We observed a high colocalization of PTP1B with LepRb neurons in response to LPS in the hypothalamus; however, we cannot rule out the possibility that PTP1B from other cellular populations counteracts the LPS responses. PTP1B has been demonstrated to markedly decrease the production of TNF␣ induced by myeloid differentiation factor 88 (MyD88), evidencing its negative regulation of Toll-like receptor signaling via suppression of the MyD88-dependent production of proinflammatory cytokines in macrophages (50) . On the other hand, Grant et al. (18) , using mice with selective PTP1B deletion in myeloid cells, recently demonstrated that these mice are protected against LPS-induced endotoxemia, hyperinsulinemia, macrophage infiltration into adipose tissue, and hepatic damage. These responses were associated with reduced TNF␣ and increased mRNA levels of the anti-inflammatory cytokine IL-10 in the macrophages, with a consequent increase in p-STAT3. Those authors revealed that the anti-inflammatory phenotype of the PTP1B-deficient mice in myeloid-cells was replicated in long-term (29 wk) HFD-fed mice, a condition that is known to chronically increase the plasma LPS concentration in a phenomenon termed metabolic endotoxemia (9) . In agreement, Pike et al. (37) found an enhanced IL-10-dependent STAT3 phosphorylation in macrophages from PTP1B-null mice compared with that in wild-type mice, indicating that PTP1B inhibits STAT3 phosphorylation. We (6) have previously observed that both single and repeated LPS doses increased the IL-10 serum levels and IL-10 mRNA expression in the ARC. However, only single-LPS-treated rats showed higher p-STAT3 in this region. Both pro-and anti-inflammatory cytokines activate the JAK/STAT pathway. In our model, we believe that in response to acute LPS p-STAT3 is increased by proinflammatory cytokines. However, despite the increase in the IL-10 mRNA in the ARC, STAT3 phosphorylation is inhibited by the enhanced PTP1B expression under prolonged LPS exposure. Our data suggest that PTP1B restrains the effects of acute leptin and LPS on STAT3 phosphorylation in the hypothalamus, contributing to the prevention of excessive hypophagia. Furthermore, the PTP1B counterregulatory action is important for the development of desensitization of the LPS responses and leptin resistance during prolonged endotoxin exposure.
In conclusion, PTP1B is essential for the development of leptin resistance after low-grade endotoxemia, but the participation of the SHP-2 reduction in the mediobasal hypothalamus in this resistance requires further investigation. Our results contribute to the understanding of leptin resistance during a prolonged low-grade inflammatory challenge such as that observed in obesity. Given that the PTP1B inhibitor can act simultaneously at different central sites, future studies are required to better identify the specific sites where PTP1B acts to counteract the leptin response during long-term endotoxemia.
